Possible mechanisms involved in the removal of oxide scale (chiefly Fe3O4) over carbon steel during the course of decontamination of mainly the internal surfaces of the primary system of a reactor have been proposed.
porous and the decontamination reagent found access to the base metal, electrons available from the base metal oxidation continued the reductive dissolution.
Depending on the relative area of the base metal to the oxide layer exposed, base metal may or may not influence the oxide dissolution.
The surface area of the specimen exposed and the rate of regeneration of the reagents also have an important role in the oxide scale removal. KEYWORDS oping and optimising various decontamination reagents(2)~(10). However, there hardly exists any literature about the influence of various parameters exclusively on the deposited oxide removal and mechanisms involved in the dissolution of the oxide layer during the course of decontamination. The present study involves the role of concentration of the various components of the decontamination reagent, the surface area of the specimen exposed, the oxidation of the base metal and the rate of regeneration of the reagents in influencing the oxide dissolution rates.
Usually the effectiveness of a decontamination process is evaluated by measuring the decontamination factor (DF) with respect to the radionuclides located in the oxide film. The DF is defined as 
II. EXPERIMENTAL
Magnetite powder was prepared by the precipitation of Fe(OH)2 followed by the controlled oxidation at 95dc using potassium nitrate. The oxide was characterised by X-ray diffraction.
Carbon steel (CS) ASTM-A-106 Grade B coupons (3.0 cm x 1.4 cm x 0.1 cm) were polished (200 grade emery paper), degreased and were autoclaved at 265dc in LiOH solution containing 24 ppm hydrazine, at room temperature pH 10.5 for seven days. Carbon steel descaling solution (Clarke's solution) was prepared by dissolving 2 g Sb2O3 and 5 g stannous chloride in 100 ml of concentrated HCl. The coated coupons with oxide films and the blanks were then suspended in Clarke's solution for 30s, washed with water and acetone and dried. They were then weighed. From the weight loss measurements, the extent of oxide dissolved was calculated. The base metal loss on using Clarke's solution over polished CS coupons was a negligible amount (0.6 mg). Nevertheless, this has been taken into consideration in all the calculations. The initial thickness of magnetite film on CS was found to be 0.8 mm as calculated from weight loss measurements with the above procedure using Clarke's solution and the theoretical density of magnetite.
The amount of magnetite on each coupon was found to be ~4.0 mg. For experiments dealing with surfaces partially covered with oxide, CS sheets were shredded using a cutting tool in a lathe. This resulted in surfaces with uneven reactivity. The shreddings were degreased and washed with demineralized water. When these were autoclaved in LiOH solution of pH 10.5 at 265dc, the more reactive surfaces were covered with a thick film of magnetite whereas the less reactive ones had a very thin film, as per optical microscopic observations. However, the average thickness was found to be 1.7 mm by the descaling process described above and the quantity of magnetite was about 10.5 mg on each piece of shredding of length 22~26 cm consisting of 12~15 turns of width 0.4 cm. The non-uniformity of the oxide film was assumed to represent the oxide layer in the real system better.
The percentage of the oxide dissolved from coated surfaces was calculated as follows :
Weight of Fe3O4 on each coated coupon =x mg
Loss of weight of coupon on exposure to formulation= y mg (y includes loss due to oxide dissolved and base metal loss) Loss of weight on descaling (oxide undissolved)=-z mg Weight of oxide layer dissolved =x-z=a mg Base metal loss= y-a mg. The formulations used in this study consist of ethylenediamminetetraacetic acid (EDTA), ascorbic acid and citric acid in a 4 : 3 : 3 weight proportion at total concentrations of 0.1 wt% (referred to as EAC1), 0.05 wt% (EAC2) and 0.02 wt% (EAC3). Their pH's were in the range 2.9+-0.2 essentially because of weakly acidic components and their buffering nature. However, their total buffer capacity decreased from EAC1 to EAC3.
In all experiments the total system volume was 600 cm3 and the temperature was main-tamed at 85+-1dc. (In the Pressurised Heavy Water Reactors (PHWRs), the nature of the decontaminant is dictated more or less by the Primary Heat Transport (PHT) system. The PHT system holds most of its activity on the CS surfaces and to decontaminate pure magnetite on CS surfaces, temperatures in the range 50~100dc is adequate. However, considering the necessity to remove deposited films on Monel, which are more tenacious, and also the fact that the corrosion rate is directly proportional to temperature, a temperature of 85dc is normally choosen for PHT decontamination.
Hence in the present investigations, a temperature of 85dc is used). The solution was bubbled with argon for 1.5 h prior to introducing the specimens and bubbling continued throughout the experiment. For experiments involving regeneration of reagents, H+ form of strong cation exchange resin (Tulsion T-46, Thermax India Ltd., Maharashtra) which was pre-equilibrated with the formulation was used. The solution was passed through a cooler to cool it to room temperature before reaching the ion exchange column (Fig. 1) . Most of the samples were collected at the end of 1.5 h, since, at the lowest flow rate studied (4.5 cm3/ min), the expected half life is 96.7 min.
In the case of static experiments samples were collected using an inline G4 (average pore diameter 5~10 mm) septum.
In the case of regenerative experiments samples were collected both at the inlet and outlet of the ion exchange column in order to estimate the iron picked up by the column. Iron in the samples was estimated by complexing it with o-phenanthroline and measuring its absorbance at 510 nm in an Ultraviolet-visible (UV-VIS) spectrophotometer. In order to determine the extent of the oxide layer dissolved, the coupons were removed from the system at various intervals of time, cleaned with water and dried in a desiccator.
They were then descaled using Clarke's solution.
In a PHWR, reactor decontamination is carried out in D2O medium. Though the rates of the reaction are influenced to a small extent by the participation of D20 through variations in zero point energy, such alteration in rates is not of any consequence in the present context, because of their insignificant contribution to the rates of dissolution reaction.
III. R ESULTS
Dissolution of Synthetic Magnetite
The effect of varying the concentration of the formulation on the dissolution of synthetic magnetite powder (62 mg of Fe3O4) is shown in Table 1 . As the concentrations of the cornplexant and the reducing agent decrease, the extent of the oxide dissolved in a given time also decreases.
Dissolution of Filmed CS Coupons
When CS coupons with uniform magnetite coating of 0.8 mm thick are exposed to 1 mM EDTA, more than 70 % of the oxide layer (Table 2 ). These set of experiments were intentionally conducted at 50dc essentially to lower the oxide dissolution rate, so that minor differences in the percentages of oxide dissolved, with different reductants, would therefore be more obvious. 3. Dissolution of Magnetite Powder in Presence of CS Coupon When 62 mg of magnetite powder is suspended in EAC2, 70 % of the oxide dissolves in 1.5 h. The introduction of a CS coupon (polished) into the above magnetite-EAC system, does not significantly alter the percentage of oxide dissolved. Also, the CS corrosion rate is 3.2 mm/h in EAC2 formulation, irrespective of whether magnetite powder is suspended into the system or not (Table 3) . 4 of the oxide layer dissolves in 1.5 h as against 90% of the oxide dissolving in the case of fully covered surfaces, whereas, the corrosion rate in both cases is about 3.4 mm/h (Table 4 ).
5. Effect of Decreased Volume/ Surface Area Ratio In the above set of experiments, the volume to surface area ratio was about 20 cm. In a typical 235 MWe PHWR, the CS surface area amounts to 1,500 m2 for a total PHT system volume of 70 m', resulting in a total volume/surface area ratio of 0.047 m (4.7 cm). On maintaining this ratio at 4.7 cm, the oxide dissolution rates and the corrosion rates decrease drastically.
At the end of 1.5 h, 67% of the oxide dissolution is obtained in the case of uniform magnetite coating with a corrosion rate of 1.09 mm/h. In the case of non-uniform coating, the percentage of oxide dissolved drops to 33 and the base metal corrosion rate to 0.5 mm/h (Table 5 ). Prolonged exposure of the non-uniformly coated surface to the formulation does not enhance the percentage of the oxide dissolved (Table 6 ). rates of 4.2 and 23 cm3/min were studied. The oxide dissolved at the end of 0.5 h in the two cases were 28 and 33 % and the base metal loss was 39 and 59 mg respectively (Table 7 ).
Iron Removal Efficiency of
This was then passed through 50 cm3 of cation form of ion exchange resin in recirculation mode. The concentration of iron at the inlet of the ion exchange column was measured periodically. The time taken for the initial concentration of iron to fall to half its value was noted at flow rates of 4.5, 10, 23 and 40 cm3/min (Table 8 ). These set of experiments were performed at 30dc. In an actual decontamination exercise, the formulation is cooled to temperature below 50dc before being passed through the ion exchangers in order to protect the resins from thermal degradation. Hence experiments pertaining to ion exchangers need to be car- Table 5 Effect of volume/surface area ratio on oxide dissolution and base metal attack Table 6 Effect of prolonged exposure on oxide dissolution and base metal attack Table  7 Effect of flow rate on oxide dissolution and base metal attack Table 8 Efficiency of ion exchange column for Fe2+ removal ried out below 50dc.
IV. DISCUSSION
During the last decade, PHT system decontamination of PHWRs have employed 1 g/ dm3 formulation consisting of different components.
While the purpose of individual components is well understood from the point of view of decontamination of CS surfaces, their concentrations need to be optimised. The experiments conducted in this study show that the purification rates employed in the actual decontamination runs do not really serve the purpose of regeneration of the reagents for the purpose of controlling rates of oxide dissolution. They only act as collectors for iron, the major constituent of the dissolution product. Even the purification half lives realised under such flow conditions is well above the theoretically expected value due to the reduced efficiency of the ion exchange removal in acidic medium.
The major oxide formed in systems containing carbon steel is Fe3O4. The oxide coating is protective, thick, uniform and nonporous during the initial stages of decontamination.
The dissolution of this layer of magnetite can be represented as
H8C6O6 -> H6C6O6+2H+ +2e-,
Y represents the ligand, EDTA. The acid and the externally added reducing agent enhances dissolution by forcing Eq. ( 1 ) to the right.
The increase in the concentration of the ligand accelerates reaction ( 3 ). It also minimises the free [Fe2+] on the right hand side of Eq. ( 1 ). As shown in Table 1 , the extent of dissolution of magnetite decreases as the concentration of the reducing agent (ascorbic acid) and the ratio of the complexant (EDTA) to the total iron to be dissolved, decreases.
For experiments dealing with powdered magnetite with a total surface area of 0.497 m2 (62 mg), the amount of EDTA (cross-sectional area at pH 2.5 =1 x 10-18 m2)(11) required for monomolecular adsorption is merely 5.56x10-2 moles, i.e. 0.241 mg. The three formulations used in the experiments mentioned above contain 400 mg EDTA in EAC1, 200 mg in EAC2 and 80 mg in EAC3. Therefore, though the adsorption of the ligand onto the oxide surface takes place before the iron is released into the solution, the adsorption process itself may not get affected by the decrease in the concentrations of the ligand. As the Fe(II)-Y in solution builds up, the following mechanism will set in The Fe(II)-Y performs the reductive role of converting the lattice ferric to lattice ferrous and then dissolving the lattice. The electron transfer reaction between two transition metal complexes have been well characterised and are said to occur through tunneling mechanism or by ligand bridge transition state (12) . Consequent upon electron transfer of the electron, the lability of the ligand metal bond changes.
However in iron systems, both Fe(II) and Fe(III) hydrated and complexed ions are highly labile. In addition, all complexes react faster than hydrated ions due to reduction in charge on central metal ion. The carboxylate groups of EDTA provide a continuous pathway of conjugated ?? bonds between Fe ions allowing electron exchange to occur much faster.
At this juncture the lattice becomes porous/non-uniform and hence base metal oxidation also will set in. Since the base metal itself is a good reducing agent Fe (base metal) -> Fe2+ +2e-.
The electron released during the oxidation of the metal could directly reduce the lattice ferric ions of the magnetite present at an adjacent site
This would lead to very rapid dissolution of the magnetite film. When CS coupons with uniform magnetite coating is exposed to EAC1 at 85dc the entire magnetite dissolves in the initial 15 min. Thus when base metal oxidation is causing the reductive dissolution of the porous oxide layer, addition of external reducing agents will not have a bearing on the oxide dissolution as seen from Table 2 .
If the mechanism indicated in Eq. ( 4 ) is operating, the amount of ferric in solution at the end of dissolution will be equivalent to that of Fe(III) in lattice. On the other hand, if Eq. ( 6 ) is the cause of reduction, then all the iron that goes into solution should only be as Fe(II)-Y.
When synthetic magnetite is dissolved, the resulting solution has an yellow colouration indicating the presence of Fe(III)-Y in solution, whereas, when CS coupons with a film of magnetite is dissolved, the solution is essentially colourless. When only acid dissolution occurs it will result in Fe(III):Fe(II) ratio of 2 : 1 or larger. The same will occur if catalysed by Fe(II)-EDTA. Nevertheless, the latter will result in much faster rates. On the contrary, either base metal aided or organic reductant aided dissolution will not only be rapid but also will result in Fe(II)-EDTA only in deoxygenated system.
The electrons produced during the base metal oxidation are supposed to be consumed only in the reduction of magnetite.
On the other hand, if electrons are consumed in the reduction of El', then metal oxidation will occur unproductively.
Reaction ( 5 ) will be effectively supplying electrons to reaction ( 1 ) provided that the base metal is beneath the oxide. Thus the introduction of a polished CS coupon into a magnetite-EAC2 system is not observed to significantly enhance the dissolution of the oxide (Table 3 ). This shows that the proximity of the base metal to the oxide surface (i.e. its electrical contact with oxide) is probably essential for it to cause reduction of lattice ferric ions.
If a CS surface with a magnetite film were to be galvanically coupled with a film free surface, then the free surface being more anodic would corrode more rapidly. But since the surface is not in direct contact with the magnetite layer, it probably would not aid the oxide dissolution.
Thus, when CS surfaces partially covered with magnetite layer were exposed to EAC1, only 66 % of the oxide dissolved in 1.5 h ( Table 4) .
The volume to surface area ratio in the above studies was at a high value of 20 cm. On decreasing this ratio to a more realistic value of about 4.7 cm, only 67% of the oxide dissolution was achieved in 1.5 h in the case of fully covered surfaces.
In the case of partially covered surfaces, the percentage dropped to 33 (Table 5 ). In the latter case, prolonged exposure to the formulation did not enhance oxide dissolution and the base metal corrosion rate dropped marginally ( Table 6 ). The total iron released at the end of 0.5 h itself far exceeded the EDTA concentration in the formulation, thereby resulting in free iron in solution.
The building up of Fe(II) in solution with increased surface area exposed suppresses both reactions ( 1 ) and ( 5 ) thereby decreasing dissolution and corrosion. On using formulations containing high concentrations of EDTA and citric acid, i.e. 100 g/dm3, no such correlation between volume to surface area ratio has been reported (2) .
On increasing the pH of the formulation EAC2 to 4, the dissolution of synthetic magnetite was not affected significantly whereas, the base metal corrosion dropped to half the value at pH 2.7. A similar effect was observed by other workers too(2) when the pH of a mixture of EDTA and citric acid was varied between 4.5 and 7.5. The rate of dissolution of magnetite fell slightly with increasing pH while the rate of corrosion of CS dropped rapidly. The cathodic reactions corresponding to base metal corrosion are H2 release, conversion of lattice Fe(III) to Fe(II). The former is highly pH dependent.
Hence base metal corrosion is very sensitive to pH. However, the dissolution of magnetite is dominated by Fe complexation by EDTA. Hence only a moderate pH dependence is expected.
Out of the 8H+ required for the conversion of 0, in Fe3O4 into H2O, six H+ come from the cation exchange resin (equivalent to the Fe2+ going on the resin). The remaining two H+ could either come from the consumption of the reducing agent or from the oxidation of the base metal to Fe2+ and its subsequent pickup on the ion exchange resin. The rate of release of Fe2+ upon reductive dissolution of the oxide is very high in the EAC formulation. Therefore a decrease in the free complexant and in H+ due to dissolution will occur. When the free complexant (EDTA) is reduced to zero, acid aided dissolution will occur causing a build up of free Fe2+ or Fe3+. The presence of free ferrous/ferric will enhance corrosion of base metal due to ionic strength effect. Hence regeneration through partial flow through ion exchange is resorted to. The rate of regeneration through ion exchange is expected to have an influence on the extent of iron released.
It is seen from Table 7 that increasing the flow rate from 4.5 to 23 cm3/ min, increases to a small extent the oxide dissolved and the base metal corrosion. But the increase is not significant enough. Thus in the range of flow rates studied, the iron release rates are probably much higher than the regeneration rates. Moreover, the purification half life at flow rates of 4.5 and 23 cm3/min is 96 and 18 min respectively. But these are theoretical values which are valid only if the ion exchange columns are 100 % efficient.
The cation efficiency does not approach 100% since, Fe ions are complexed in solution by EDTA and H+ ions in the medium act as regenerant.
In addition, the column dimensions also determine the efficiency. In practice it is seen that, lower the flow rate greater the deviation of the observed half life from the expected value (Table 8) . Thus at the end of 0.5 h at the flow rates studied, a very small volume would have undergone regeneration.
In 
